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(54) AIRFOIL LEADING EDGE VENTURI COOLING PASSAGE

(57) A ceramic matrix composite airfoil (64; 138) in-
cludes a high-pressure surface (66) and a low-pressure
surface (68) connected at a leading edge (70) and a trail-
ing edge (72). The high-pressure surface (66) and the
low-pressure surface (68) extend from a first end (74) to
a second end (76). A leading edge cooling passage (78)

includes an inlet portion (90), a midspan portion (88) and
an outlet portion (92). A cross-sectional flow area of the
midspan portion (88) is less than a cross-sectional flow
area (100, 104) of either the inlet portion (90) or the outlet
portion (92).
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Description

TECHNICAL FIELD

[0001] The present disclosure relates generally to a
ceramic composite material airfoil with shaped cooling
passages for improving heat transfer at a leading edge.

BACKGROUND

[0002] Airfoils are utilized throughout a turbine engine,
including sections generating significant heat. Cooling
air is provided in airfoils exposed to extreme tempera-
tures. Moreover, ceramic matrix composite materials are
utilized to further enable operation at extreme tempera-
tures. Temperature differences between hot engine core
gas flows and cooling airflows can be dramatic and gen-
erate high thermal stresses. Cooling airflow is taken from
other portions of the gas turbine engine and can reduce
engine efficiency. High thermal stresses can limit oper-
ating temperatures and increase the amount of cooling
air required for desired engine operation.
[0003] Turbine engine manufacturers continue to seek
further improvements to engine performance including
improvements to reduce environmental impact while im-
proving propulsive efficiencies.

SUMMARY

[0004] A ceramic matrix composite airfoil according to
an aspect of the present invention includes, among other
possible things, a high-pressure surface and a low-pres-
sure surface connected at a leading edge and a trailing
edge. The high-pressure surface and the low-pressure
surface extend from a first end to a second end. A leading
edge cooling passage includes an inlet portion, a mid-
span portion and an outlet portion. A cross-sectional flow
area of the midspan portion is less than a cross-sectional
flow area of either the inlet portion or the outlet portion.
[0005] In an embodiment of the foregoing, the cross-
sectional flow area in the inlet portion continually de-
creases from the first end to the midspan portion.
[0006] In a further embodiment of any of the foregoing,
the cross-sectional flow area in the outlet portion contin-
ually increases from the midspan portion to the second
end.
[0007] In a further embodiment of any of the foregoing,
the ceramic matrix composite airfoil includes a forward
rib that defines a wall of the leading edge cooling pas-
sage. The forward rib is spaced apart from the leading
edge.
[0008] In a further embodiment of any of the foregoing,
the forward rib is disposed at a non-normal angle relative
to the leading edge within the inlet portion and the outlet
portion.
[0009] In a further embodiment of any of the foregoing,
the forward rib is parallel with the leading edge within the
midspan portion.

[0010] In a further embodiment of any of the foregoing,
the ceramic matrix composite airfoil includes another
cooling air passage that is disposed on a side of the for-
ward rib opposite the leading edge cooling passage.
[0011] In a further embodiment of any of the foregoing,
the ceramic matrix composite airfoil includes an aft rib
that is spaced apart from the forward rib. The aft rib de-
fines a trailing edge cooling passage and a portion of a
center cooling air passage.
[0012] In a further embodiment of any of the foregoing,
the airfoil is part of a stator blade.
[0013] In a further embodiment of any of the foregoing,
the airfoil is part of a rotor blade.
[0014] A mandrel assembly for forming ceramic matrix
composite airfoil, the mandrel assembly according to an-
other aspect of the present invention includes, among
other possible things, a leading edge mandrel assembly
that includes a first part and a second part. Each of the
first part and the second part include an end portion and
a midspan portion. The end portion includes an increas-
ing width in a direction away from the midspan portion.
A center mandrel assembly includes a nested part and
a main part. The mandrel assembly further includes a
trailing edge mandrel.
[0015] In an embodiment of the foregoing, the nested
part fits within a space that is defined between end por-
tions of the first part and the second part of the leading
edge mandrel.
[0016] In a further embodiment of any of the foregoing,
the first nested part includes a first side, a middle and a
second side. The first side and the second side include
an increasing width in a direction toward the middle.
[0017] In a further embodiment of any of the foregoing,
the first part and the second part are identically shaped.
[0018] A method of forming a ceramic matrix compos-
ite (CMC) airfoil according to another aspect of the
present invention includes, among other possible things,
applying a leading edge braiding over a leading edge
mandrel assembly with a ceramic fiber material. The
leading edge mandrel assembly includes a first part and
a second part. Each of the first part and the second part
include an end portion and a midspan portion. The end
portion includes an increasing width in a direction away
from the midspan portion. A center braiding is applied
over a center mandrel assembly with a ceramic fiber ma-
terial. The center mandrel assembly includes a nested
part and a main part. A trailing edge braiding is applied
over a trailing edge mandrel. An overwrap braiding is
applied over the leading edge mandrel assembly, the
center mandrel assembly and the trailing edge mandrel.
The CMC material is densified. The method further in-
cludes removing the leading edge mandrel assembly,
the center mandrel assembly and the trailing edge man-
drel.
[0019] In an embodiment of the foregoing, applying the
center braiding further includes applying the center braid-
ing over the leading edge braiding and over a portion of
the center mandrel assembly.
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[0020] In a further embodiment of any of the foregoing,
applying the overwrap braiding includes applying the
overwrap over the center braiding that is wrapped around
both the leading edge mandrel assembly and the center
mandrel assembly and the braided trailing edge mandrel.
[0021] In a further embodiment of any of the foregoing,
removing the leading edge mandrel assembly includes
pulling each of the first part and the second part out op-
posite ends.
[0022] In a further embodiment of any of the foregoing,
removing the center mandrel assembly includes remov-
ing the main part through an opening followed by moving
the center part into the space vacated by the main part
and removing the nested part through the same opening
through which the main part was removed.
[0023] In a further embodiment of any of the foregoing,
the main part and the nested part include more than one
identically shaped part.
[0024] Although the different examples have the spe-
cific components shown in the illustrations, embodiments
of this invention are not limited to those particular com-
binations. It is possible to use some of the components
or features from one of the examples in combination with
features or components from another one of the exam-
ples.
[0025] These and other features disclosed herein can
be best understood from the following specification and
drawings, the following of which is a brief description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026]

Figure 1 is a schematic view of an example turbine
engine embodiment.
Figure 2 is as schematic view of a portion of an ex-
ample turbine section embodiment.
Figure 3 is a perspective view of an example airfoil
embodiment.
Figure 4 is a sectional view of an example airfoil em-
bodiment.
Figure 5 is another sectional view of an example air-
foil embodiment.
Figure 6 is a cross-sectional view of a flow area
through a portion of a cooling passage of the airfoil.
Figure 7 is a cross-sectional view of another flow
area through a portion of a cooling passage of the
airfoil.
Figure 8 is a sectional view of a leading edge cooling
flow passage of the example airfoil.
Figure 9 is a sectional view of flow passages through
the example airfoil.
Figure 10 is a perspective view of a mandrel assem-
bly for forming an example CMC airfoil.
Figure 11 is a side view of the mandrel assembly for
forming the example CMC airfoil.
Figure 12 is a schematic illustration of method steps
for forming an example CMC airfoil.

Figure 13 is a schematic illustration of steps to re-
move a mandrel assembly.
Figure 14 is a perspective view of a mandrel assem-
bly and step for forming an example CMC airfoil.

DETAILED DESCRIPTION

[0027] Figure 1 schematically illustrates an example
turbine engine embodiment 20. Ceramic composite ma-
terials (CMC) are capable of withstanding higher temper-
atures than similarly configured metal structures. The
higher temperature capability of CMC materials makes
it suitable for use in high temperature sections of the en-
gine 20. The higher temperature capability may reduce
the amount of cooling airflow required to provide a de-
sired operating capability. Improvements in heat transfer
provided by a cooling airflow can further enhance the
capabilities and benefits of using CMC materials. Exam-
ple CMC airfoil structures of this disclosure include fea-
tures that enhance heat transfer capabilities of the cool-
ing airflow to further enhance operational temperature
capabilities.
[0028] The example gas turbine engine 20 is disclosed
herein as a two-spool turbofan that generally incorpo-
rates a fan section 22, a compressor section 24, a com-
bustor section 26 and a turbine section 28. The fan sec-
tion 22 drives air along a bypass flow path B in a bypass
duct defined within a nacelle 18, while the compressor
section 24 drives air along a core flow path C for com-
pression and communication into the combustor section
26 then expansion through the turbine section 28. Al-
though depicted as a two-spool turbofan gas turbine en-
gine in the disclosed non-limiting embodiment, it should
be understood that the concepts described herein are
not limited to use with two-spool turbofans as the teach-
ings may be applied to other types of turbine engines
including three-spool architectures.
[0029] The exemplary engine 20 generally includes a
low speed spool 30 and a high speed spool 32 mounted
for rotation about an engine central longitudinal axis A
relative to an engine static structure 36 via several bear-
ing systems 38. It should be understood that various
bearing systems 38 at various locations may alternatively
or additionally be provided, and the location of bearing
systems 38 may be varied as appropriate to the applica-
tion.
[0030] The low speed spool 30 generally includes an
inner shaft 40 that interconnects a fan 42, a first (or low)
pressure compressor 44 and a first (or low) pressure tur-
bine 46. The inner shaft 40 is connected to the fan section
22 through a speed change mechanism, which in exem-
plary gas turbine engine 20 is illustrated as a geared ar-
chitecture 48 to drive the fan 42 at a lower speed than
the low speed spool 30. The high speed spool 32 includes
an outer shaft 50 that interconnects a second (or high)
pressure compressor 52 and a second (or high) pressure
turbine 54. A combustor 56 is arranged in exemplary gas
turbine 20 between the high pressure compressor 52 and
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the high pressure turbine 54. A mid-turbine frame 58 of
the engine static structure 36 is arranged generally be-
tween the high pressure turbine 54 and the low pressure
turbine 46. The mid-turbine frame 58 further supports
bearing systems 38 in the turbine section 28. The inner
shaft 40 and the outer shaft 50 are concentric and rotate
via bearing systems 38 about the engine central longitu-
dinal axis A which is collinear with their longitudinal axes.
[0031] The core airflow is compressed by the low pres-
sure compressor 44 then the high pressure compressor
52, mixed and burned with fuel in the combustor 56, then
expanded over the high pressure turbine 54 and low pres-
sure turbine 46. The mid-turbine frame 58 includes air-
foils 60 which are in the core airflow path C. The turbines
46, 54 rotationally drive the respective low speed spool
30 and high speed spool 32 in response to the expansion.
It will be appreciated that each of the positions of the fan
section 22, compressor section 24, combustor section
26, turbine section 28, and fan drive gear system 48 may
be varied. For example, gear system 48 may be located
aft of combustor section 26 or even aft of turbine section
28, and fan section 22 may be positioned forward or aft
of the location of gear system 48.
[0032] The engine 20 in one example is a high-bypass
geared aircraft engine. In a further example, the engine
20 bypass ratio is greater than about six (6), with an ex-
ample embodiment being greater than about ten (10),
the geared architecture 48 is an epicyclic gear train, such
as a planetary gear system or other gear system, with a
gear reduction ratio of greater than about 2.3 and the low
pressure turbine 46 has a pressure ratio that is greater
than about five. In one disclosed embodiment, the engine
20 bypass ratio is greater than about ten (10:1), the fan
diameter is significantly larger than that of the low pres-
sure compressor 44, and the low pressure turbine 46 has
a pressure ratio that is greater than about five 5:1. Low
pressure turbine 46 pressure ratio is pressure measured
prior to inlet of low pressure turbine 46 as related to the
pressure at the outlet of the low pressure turbine 46 prior
to an exhaust nozzle.
[0033] The geared architecture 48 may be an epicycle
gear train, such as a planetary gear system or other gear
system, with a gear reduction ratio of greater than about
2.3:1. It should be understood, however, that the above
parameters are only exemplary of one embodiment of a
geared architecture engine and that the present invention
is applicable to other gas turbine engines including direct
drive turbofans.
[0034] A significant amount of thrust is provided by the
bypass flow B due to the high bypass ratio. The fan sec-
tion 22 of the engine 20 is designed for a particular flight
condition -- typically cruise at about 0.8 Mach and about
35,000 feet (10,668 meters). The flight condition of 0.8
Mach and 35,000 ft (10,668 meters), with the engine at
its best fuel consumption - also known as "bucket cruise
Thrust Specific Fuel Consumption (TSFC’)" - is the in-
dustry standard parameter of Ibm of fuel being burned
divided by Ibf of thrust the engine produces at that min-

imum point. "Low fan pressure ratio" is the pressure ratio
across the fan blade alone, without a Fan Exit Guide Vane
("FEGV") system. The low fan pressure ratio as disclosed
herein according to one non-limiting embodiment is less
than about 1.45. "Low corrected fan tip speed" is the ac-
tual fan tip speed in ft/sec divided by an industry standard
temperature correction of [(Tram °R) / (518.7 °R)]0.5. The
"Low corrected fan tip speed" as disclosed herein ac-
cording to one non-limiting embodiment is less than
about 1150 ft / second (350.5 meters/second).
[0035] The example gas turbine engine includes the
fan section 22 that comprises in one non-limiting embod-
iment less than about twenty-six (26) fan blades 42. In
another non-limiting embodiment, the fan section 22 in-
cludes less than about twenty (20) fan blades 42. More-
over, in one disclosed embodiment the low pressure tur-
bine 46 includes no more than about six (6) turbine rotors
schematically indicated at 34. In another non-limiting ex-
ample embodiment, the low pressure turbine 46 includes
about three (3) turbine rotors. A ratio between the number
of fan blades 42 and the number of low pressure turbine
rotors is between about 3.3 and about 8.6. The example
low pressure turbine 46 provides the driving power to
rotate the fan section 22 and therefore the relationship
between the number of turbine rotors 34 in the low pres-
sure turbine 46 and the number of blades 42 in the fan
section 22 disclose an example gas turbine engine 20
with increased power transfer efficiency.
[0036] Referring to Figure 2 with continued reference
to Figure 1, a portion of the turbine section 28 is sche-
matically shown and includes stator blades 62 disposed
between the rotor blades 46. The stator blades 62 include
an airfoil that directs the gas flow between rotor stages
through the turbine section 28. Accordingly, the rotor
blades 46 and the stator blades 62 are exposed to ex-
treme temperatures. A cooling air flow 18 is provided to
cool the rotor blades 46 and the stator blades 62 to enable
operation at desired temperatures. The use of ceramic
matric composite material (CMC), in addition to the coo-
ing airflow 18, enhances temperature capability of the
rotor blades and the stator blades 62. Temperature dif-
ferences between the hot engine core gas flow and the
cooling air flow may exceed 1000°F (538°C). The ex-
treme temperature differential can generate areas of high
heat load. A disclosed CMC airfoil embodiment includes
features for improving heat transfer in targeted high heat
load regions. The disclosed CMC airfoil forms is part of
either or both the rotor blades 46 and the stator blades 62.
[0037] Referring to Figures 3 and 4, an example airfoil
64 of an example stator blade 62 is shown. It should be
appreciated that although a turbine stator blade 62 is
shown and described by way of example, the disclosed
example airfoil 64 may be utilized as part of the rotor
blades 46 and/or in other sections of the turbine engine
20. Moreover, the example airfoil 64 may also be incor-
porated in as part of a rotating part such as a rotor blade
within the turbine section 28 and/or compressor section
24.
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[0038] The airfoil 64 includes a high pressure surface
66, a low pressure surface 68 that meet at a leading edge
70 and at a trailing edge 72. The high pressure surface
66 and low pressure surface 68 extend between the lead-
ing edge 70, the trailing edge 72, a first end 74 and a
second end 76. Passages for cooling air are provided
through the airfoil 64 between the first end 74 and the
second end 76. Platforms are not shown at the first end
74 or the second end 76 but may be included depending
on the application for the airfoil 64. Such platforms may
be provided as either integral or separate parts of a blade
incorporating the example disclosed airfoil embodiment.
In one disclosed embodiment, the airfoil 64 includes a
leading edge cooling passage 78, a center cooling pas-
sage 80 and a trailing edge cooling passage 82.
[0039] A forward rib 84 divides the leading edge cool-
ing passage 78 from the enter cooling passage 80. An
aft rib 86 divides the center cooling passage 80 from the
trailing edge cooling passage 82. The forward rib 84 and
the aft rib 86 are integral structures of the CMC airfoil 64
that provide structure to the completed airfoil.
[0040] The leading edge cooling passage 78 includes
a converging diverging configuration to increase cooling
air velocity through a targeted region of the leading edge
70. The forward rib 84 is shaped to decrease flow area
along the outer wall proximate the leading edge within a
defined region. The decreased flow area provides an in-
crease in cooling air velocity that in turn increases the
transfer of heat from the leading edge 70.
[0041] Referring to Figures 5, 6 and 7 with continued
reference to Figures 3 and 4, the leading edge cooling
passage 78 includes a first end portion 90, a second end
portion 92 and a midspan portion 88. In this example the
first end portion 90 provides for an inlet of cooling airflow
and the second end portion provides an outlet for cooling
airflow. The surface of the leading edge 70 that corre-
sponds with the midspan portion 88 typically operates at
the highest temperatures. The example leading edge
cooling passage 78 targets improved heat transfer in the
midspan portion 88 to accommodate the higher heat
loads.
[0042] The increased velocity of cooling airflow within
the midspan portion 88 is provided by a decreasing flow
area 100 beginning at an inlet 132 and continually de-
creasing toward the midspan portion 88. The midspan
portion 88 includes a uniform flow area 102 (Figure 6)
that extends from the first end portion 90 to the second
end portion 92. The second end portion 92 includes an
increasing flow area 104 that increases in a direction
away from the midspan portion 88 to the outlet 134 at
the second end 76 of the airfoil 64.
[0043] A forward wall 136 that forms the leading edge
70 is substantially linear from the first end 74 to the sec-
ond end 76 of the airfoil 64 to follow any contours of the
leading edge 70. The forward rib 84 provides for the de-
creasing and increasing flow areas through the leading
edge passage 78. In one disclosed example, the forward
rib 84 includes a middle wall portion 94 and end wall

portions 96A-B. The end portions 96A-B angle away from
the middle wall portion 94 and the leading edge 70 at an
angle 98 relative to the leading edge 70. The angle 98 is
a non-normal angle that provides a desired transition be-
tween the flow area 102 in the midspan portion 88 and
the end portions 90, 92. In one example disclosed em-
bodiment, the angle 98 is between 20° and 70°. In another
disclosed embodiment, the angle 98 is between 35° and
55°. In another disclosed embodiment, the angle 98 is
45° degrees.
[0044] Although the end wall portions 96A-B are dis-
closed by way of example as substantially straight angled
walls, the end wall portions 96A-B may be curved to pro-
vide a non-linear decrease and increase in flow area tran-
sition to and from the midspan portion 88.
[0045] Referring to Figure 8 with continued reference
to Figures 5, 6 and 7, the disclosed converging diverging
configuration of the leading edge cooling air passage 78
induces an increase in cooling air velocity as compared
to an inlet flow velocity. In this disclosed example, an
inlet cooling air flow 105 includes an initial velocity. As
the cross-sectional flow area decreases toward the mid-
span portion 88, the midspan flow 107 increases in ve-
locity. The increased velocity provides a corresponding
increase in thermal heat transfer that is targeted to the
midspan portion 88. Exit cooling air flow 106 decreases
in velocity in response to the expanding flow area in the
end portion and through outlet 134. The increase in cool-
ing air flow velocity in the midspan portion 88 is provided
without need for additional volume and/or pressures of
the inlet cooling airflow 105.
[0046] In this disclosed example embodiment, the end
portions 90, 92 are substantially identical and the mid-
span portion 88 is substantially centered along the lead-
ing edge 70. However, the midspan portion 88 may be
configured to target heat loads on the leading edge 70.
The midspan portion 88 may be located in a targeted
location based on engine operating parameters, such as
for example, certain combustion heat profiles. Accord-
ingly, the midspan portion 88 may be of a different length
and not centered on the leading edge and remain within
the contemplation and scope of this disclosure. Moreo-
ver, the end portions 90,92 may be altered to correspond
with the location of the midspan portion 88.
[0047] Referring to Figure 9, with continued reference
to Figures 3 and 4, the example airfoil 64 is fabricated
with CMC materials using applicable CMC fabrication
methods. CMC fabrication methods can include the use
of mandrels about which ceramic fibers are braided or a
fabric woven with ceramic fiber is wrapped to define in-
ternal and external shapes. The airfoil is then densified
by the addition of a ceramic matrix. This can be done via
several methods including, but not limited to, chemical
vapor infiltration (CVI), polymer infiltration and pyrolysis
(PIP), and melt infiltration (Ml). The mandrels are then
removed either through openings or destroyed in place
to yield the airfoil cavities. The structure of the forward
wall 84 results in several different regions that don’t allow
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for straight out removal of a mandrel. In this disclosed
example, the leading edge passage 78 includes larger
volumes within the end portions 90, 92 as compared to
the midspan portion 88. The center passage includes a
nested region 108 that is tucked into the space defined
by the angled walls. The nested region 108 and the end
portions 90, 92 preclude the use of a single mandrel for
formation of these passages.
[0048] Referring to Figures 10 and 11 with continued
reference to Figure 9, an example mandrel assembly 110
is shown. The mandrel assembly 110 includes a leading
edge assembly 112, a center assembly 122 and a trailing
edge mandrel 128. The leading edge assembly 112 in-
cludes a first part 114 and a second part 116 separated
at a joint 130. Each of the first and second parts 114, 116
are identical in this example embodiment and includes
an end portion 120 and a midspan portion 118. The center
assembly 122 includes a nested part 124 and a main part
126. The nested part 124 is configured to fit between the
end wall portions 96A-B of the forward rib 84. (Shown in
Figure 5). The spacing between mandrel parts provide
for the structure and ribs of the final airfoil form.
[0049] Referring to Figure 12 with continued reference
to Figures 10 and 11, a method of forming a CMC airfoil
is schematically shown and indicated at 140. The dis-
closed method includes braiding ceramic fiber or wrap-
ping cloth woven of ceramic fiber around the mandrel
assembly 110 followed by known densification and fin-
ishing steps. The specific composition of the CMC ma-
terial may be of any known mixture and configuration of
materials.
[0050] The disclosed method provides for wrapping of
the parts 112, 122 and 128 to accommodate the separate
parts and provide a desired nesting to provide a desired
final completed CMC airfoil 138. In this disclosed exam-
ple, a braiding and / or fabric wrapping step indicated at
142 includes applying leading edge braid and / or fabric
layers over a leading edge wrap 144 is assembled around
the leading edge mandrel assembly 112. A center braid
/ wrap 146 is assembled over the center mandrel assem-
bly 122 and a trailing edge braid / wrap 148 is assembled
to the trailing edge mandrel 128. The braids / wraps 144,
146 and 148 are braided / wrapped to correspond to the
nested shapes and provide a desired relative fit between
mandrel parts 112, 122 and 128.
[0051] Once each mandrel part 112, 122 and 128 is
satisfactory wrapped, an overbraid or overwrap 152 is
applied over all the wraps 144, 146 and 148. The over-
wrap 152 surrounds all the mandrel parts and provides
a general completed shape of the airfoil 138. The means
of assembling each of the wraps 144, 146, 148 and the
overwrap 152 may be according to any known process.
Moreover, although each of the wraps 144, 146, 148 and
the overwrap 152 are schematically illustrated as a single
layer, each may include multiple layers. Moreover, sev-
eral layers may be arranged in different directions and
relative orientations.
[0052] Once the wraps are applied to the mandrel as-

sembly 110, finishing processes are performed to densify
the CMC material according to predefined criteria as is
schematically indicated at 154. Once the densification
process is completed to a desired point, the mandrel as-
sembly 110 is removed. Removal may include physical
removal of the mandrel parts or destruction in place.
[0053] Referring to Figure 13, with continued reference
to Figures 10, 11 and 12, physical removal of the mandrel
assembly 110 is schematically shown and indicated at
155. Removal of the mandrel assembly includes remov-
ing the trailing edge mandrel 128 by pulling through one
of the open ends. Removal of the leading edge mandrel
assembly 122 includes pulling each of the first part 114
and the second part 116 out through corresponding ends.
Removal of the center mandrel assembly 122 includes
first removing the main portion 126. Once the main por-
tion 126 is removed, the nested portion 124 is moved
into the space vacated by the main part 126 and removed
through the opening that the main part 126 was removed.
[0054] After the mandrel assembly 110 is removed,
any additional finishing may be performed as desired to
provide the resulting completed airfoil 138. It should be
appreciated that the airfoil 138 may form a portion of a
stator blade assembly and that other steps may be in-
cluded that correspond to additional sections of the stator
blade assembly.
[0055] Referring to Figure 14, with continued reference
to Figure 12, another example wrap embodiment is sche-
matically indicated at 156. In this disclosed embodiment,
a center braid or fabric wrap 160 is applied over a leading
edge wrap 158. The overwrap 152 is applied over the
braid or fabric center wrap 160 and a trailing edge braid
or fabric wrap 162. The leading edge braid or fabric wrap
158 is nested within the center braid or fabric wrap 160
to accommodate the multiple parts of both the center
mandrel 122 and the leading edge mandrel 112. Once
the overwrap 152 is applied, the airfoil is densified and
completed according to known CMC processes and fin-
ishing methods.
[0056] Accordingly, the disclosed CMC airfoil provides
for targeted increases of heat transfer to address local-
ized increases in temperatures encountered along a
leading edge surface. Moreover, the disclosed mandrel
assemblies provide for fabrication of the angled interior
passage walls that increase cooling air velocity that pro-
vide the targeted increases in heat transfer.
[0057] Although an example embodiment has been
disclosed, a worker of ordinary skill in this art would rec-
ognize that certain modifications would come within the
scope of this disclosure. For that reason, the following
claims should be studied to determine the scope and
content of this disclosure.

Claims

1. A ceramic matrix composite airfoil (64 ; 138) com-
prising:
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a high-pressure surface (66) and a low-pressure
surface (68) connected at a leading edge (70)
and a trailing edge (72), wherein the high-pres-
sure surface (66) and the low-pressure surface
(68) extend from a first end (74) to a second end
(76); and
a leading edge cooling passage (78) including
an inlet portion (90), a midspan portion (88) and
an outlet portion (92), wherein a cross-sectional
flow area (102) of the midspan portion (88) is
less than a cross-sectional flow area (100, 104)
of the inlet portion (90) and/or the outlet portion
(92).

2. The ceramic matrix composite airfoil as recited in
claim 1, wherein the cross-sectional flow area (100)
in the inlet portion (90) continually decreases from
the first end (74) to the midspan portion (88).

3. The ceramic matrix composite airfoil as recited in
claim 1 or 2, wherein the cross-sectional flow area
(104) in the outlet portion (92) continually increases
from the midspan portion (88) to the second end (76).

4. The ceramic matrix composite airfoil as recited in
claim 1, 2 or 3, further comprising a forward rib (84)
defining a wall of the leading edge cooling passage
(78), wherein the forward rib (84) is spaced apart
from the leading edge (70).

5. The ceramic matrix composite airfoil as recited in
claim 4, wherein the forward rib (84) is disposed at
a non-normal angle (98) relative to the leading edge
(70) within the inlet portion (90) and the outlet portion
(92), and/or the forward rib (84) is parallel with the
leading edge (70) within the midspan portion (88).

6. The ceramic matrix composite airfoil as recited in
claim 4 or 5, further comprising another cooling pas-
sage (80, 82) disposed on a side of the forward rib
(84) opposite the leading edge cooling passage (78),
and/or further comprising an aft rib (86) spaced apart
from the forward rib (84), the aft rib (86) defining a
trailing edge cooling passage (82) and a portion of
a center cooling air passage (80).

7. The ceramic matrix composite airfoil as recited in
any preceding claim, wherein the airfoil is part of a
stator blade (62) or a rotor blade (46).

8. A mandrel assembly (110) for forming ceramic matrix
composite airfoil (64; 138), the mandrel assembly
(110) comprising:

a leading edge mandrel assembly (112) includ-
ing a first part (114) and a second part (116),
wherein each of the first part (114) and the sec-
ond part (116) includes an end portion (120) and

a midspan portion (118), the end portion (120)
including an increasing width in a direction away
from the midspan portion (118);
a center mandrel assembly (122) including a
nested part (124) and a main part (126); and
a trailing edge mandrel (128).

9. The mandrel assembly as recited in claim 8, wherein
the nested part (124) fits within a space defined be-
tween end portions (120) of the first part (114) and
the second part (116) of the leading edge mandrel
assembly (112), and/or wherein the nested part
(124) includes a first side, a middle and a second
side, the first side and the second side including an
increasing width in a direction toward the middle.

10. The mandrel assembly as recited in claim 8 or 9,
wherein the first part (114) and the second part (116)
are identically shaped.

11. A method of forming a ceramic matrix composite
(CMC) airfoil (64; 138) comprising:

applying a leading edge braiding (144; 158) over
a leading edge mandrel assembly (112) with a
ceramic fiber material, wherein the leading edge
mandrel assembly (112) includes a first part
(114) and a second part (116), wherein each of
the first part (114) and the second part (116)
include an end portion (120) and a midspan por-
tion (118), the end portion (120) including an in-
creasing width in a direction away from the mid-
span portion (118);
applying a center braiding (146; 160) over a
center mandrel assembly (122) with a ceramic
fiber material, wherein the center mandrel as-
sembly (122) includes a nested part (124) and
a main part (126);
applying a trailing edge braiding (148; 162) over
a trailing edge mandrel (128); and
applying an overwrap braiding (152) over the
leading edge mandrel assembly (112), the cent-
er mandrel assembly (122) and the trailing edge
mandrel (128);
densifying the CMC material; and
removing the leading edge mandrel assembly
(112), the center mandrel assembly (122) and
the trailing edge mandrel (128).

12. The method as recited in claim 11, wherein applying
the center braiding (160) further comprises applying
the center braiding (160) over the leading edge braid-
ing (158) and over a portion of the center mandrel
assembly (122).

13. The method as recited in claim 12, wherein applying
the overwrap braiding (152) comprises applying the
overwrap braiding (152) over the center braiding
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(160) that is wrapped around both the leading edge
mandrel assembly (112) and the center mandrel as-
sembly (122), and the trailing edge braiding (162).

14. The method as recited in claim 11, 12 or 13, wherein
removing the leading edge mandrel assembly (112)
comprises pulling each of the first part (114) and the
second part (116) out opposite ends.

15. The method as recited in any of claims 11 to 14,
wherein removing the center mandrel assembly
(122) comprises removing the main part (126)
through an opening followed by moving the nested
part (124) into the space vacated by the main part
(126) and removing the nested part (124) through
the same opening through which the main part (126)
was removed, and/or wherein the main part (126)
and the nested part (124) comprise more than one
identically shaped part.
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